Granulocyte macrophage colony stimulating factor (GM-CSF), interleukin-3 (IL-3) and interleukin-5 (IL-5 belong to a family of cytokines that regulate proliferation, dierentiation and function of haematopoietic cells. Their receptor consists of a ligand speci®c a-chain and a signal transducing b-chain (bc). While, the role of phosphotyrosine residues in the bc as mediators of downstream signalling cascades has been established, little is known about non-phosphotyrosine mediated events. To identify proteins interacting with bc, we screened a yeast two-hybrid library with the intracellular domain of bc. We found that RACK1, a molecule associating with activated PKC, PLCg and Src kinases, associated with the membrane proximal region of bc in both yeast two-hybrid, immunoprecipitation and GSTpull-down assays. The association of RACK1 was constitutive, demonstrating no alteration upon cellular stimulation. Furthermore, upon stimulation of cells with IL-5 or PMA, a complex of bc and PKCb was found. Together, these ®ndings suggest a novel role for RACK1 as a possible adapter molecule associating with the intracellular domain of cytokine receptors.
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Keywords: RACK1; PKC; receptor; cytokine; interleukin Granulocyte macrophage colony stimulating factor (GM-CSF), interleukin-3 (IL-3) and interleukin-5 (IL-5) belong to a family of cytokines that regulate proliferation, dierentiation, survival and activation of haematopoietic cells (Sanderson et al., 1985; Lopez et al., 1988; Fujisawa et al., 1990; van der Bruggen et al., 1993; de Groot et al., 1998) . They exert their function through a high anity receptor consisting of two chains: a unique ligand speci®c a-chain and a signal transducing b-chain (bc) which is shared among the receptors for IL-3, IL-5 and GM-CSF (Tavernier et al., 1991) . The a-chain is sucient for low anity binding of ligand (Chihara et al., 1990) . The b-chain alone does not bind ligand, but when associated with the a-chain, it constitutes a high anity receptor. The intracellular domain of bc is believed to be the major signal transducing domain of the receptor. Recently, a Cterminally truncated variant of bc was reported that occurred in a signi®cant number of patients with acute leukaemia, suggesting that dysfunctional signalling via bc may play a role in the pathogenesis of the disease state (Gale et al., 1998) . Although bc contains no intrinsic kinase domain, upon ligand binding, rapid tyrosine phosphorylation of many cellular proteins, including the receptor itself is observed. (Quelle et al., 1994; Eder et al., 1993) Recent studies have demonstrated that the tyrosine kinase Jak2 is associated with the bc in a region containing a peptide stretch known as the box1 homology domain (Quelle et al., 1994) which is conserved among many cytokine receptors (Murakami et al., 1991) . Its association with bc has been shown to be critical for receptor phosphorylation and downstream signalling. Phosphorylated tyrosine residues on bc then serve as docking sites for intracellular signalling molecules, for example, STAT transcription factors and adapter molecules such as Shc (Chin et al., 1996; Lanfrancone et al., 1995) . Non-phosphotyrosine mediated interactions have been reported for Jak2 (Quelle et al., 1994) and members of the Src family of kinases (Al-Shami et al., 1997) . We have performed a two-hybrid screen with a HeLa cell library, utilizing the cytoplasmic domain of human bc lacking the box1 region (bc cyt Dbox1) to assess the occurrence of other tyrosine phosphorylation independent interactions. The box1 region was deleted since, on its own, it resulted in transactivation of the histidine reported gene (data not shown). Two clones interacting speci®cally with bc cyt Dbox1 in a yeast two-hybrid assay contained sequences encoding residues 73 ± 317 of RACK1 (the Receptor for Activated C Kinase) as well as the 3'untranslated region (Figure 1a and b). As shown, RACK1 did not interact with the intracellular domain of the human FcaR and bc did not interact with intracellular domain of the interleukin-5 receptor achain (IL-5Ra), demonstrating speci®city of RACK1 binding to bc.
Identi®ed as a receptor for activated protein kinase C (PKC; Ron et al., 1994) , RACK1 is believed to interact with speci®c sites in the C2 region of PKC in the presence of PKC activators (Ron et al., 1995a) , causing stabilization of the active form of the enzyme (Ron et al., 1995b) . To con®rm the interaction between bc and RACK1, we determined whether the Figure 1 RACK-1 interacts speci®cally with the IL-5/IL-3/GM-CSF receptor bc. A yeast two-hybrid screen was performed using the pGBT8-bc cyt Dbox1 (a fusion protein of the GAL4 DNA binding domain and the intracellular domain of bc lacking the Box1 region) with a HeLa cell library as previously described (Spaargaren et al., 1994) . To determine the speci®city of the interaction between bc and RACK1 (a) YGH-1 yeast was transformed with (1) pGBT8-bc cyt Dbox1 and pGAD_GH-RACK1; (2) pGBT8-bc cyt Dbox1 and pGAD_GH-IL5Ra cyt (amino acids 366 ± 1260 (Murata et al., 1992) ) and (3) pGBT8-FcaR cyt (amino acids 226 ± 266 (Malizewski et al., 1990) ) and pGAD_GH-RACK1 and patched on SC-trp/-leu/-his plates. After growth, yeast was lifted with a ®lter and a b-gal ®lter assay was performed (b) Schematic representation of the clones found in the two-hybrid screen. Sequencing of the insert revealed that it encoded amino acids 73 ± 317 and the 3' untranslated region of RACK1. (c) COS cells were transiently transfected with control vector (lane 1) or expression constructs for human bc (7 mg; Caldenhoven et al., 1995) and HA-tagged RACK1 (3 mg (amino acids 73 ± 317 of human RACK1, lane 2). Immunoprecipitation was performed on the cell lysates using a rabbit polyclonal antibody against bc (Caldenhoven et al., 1995) . The immunoprecipitated complexes were analysed by Western analysis using 12CA5 antibody against the HA-epitope (Boehringer Mannheim Biochemicals, Almere, the Netherlands). (d) Top, Bacterially expressed GST or a fusion protein of GST with amino acids 450 ± 615 of bc (GST-bc450-615) were puri®ed on glutathione beads and incubated with BaF3 cell lysates. The association of bc and RACK1 was determined by Western blotting using anti-RACK1 antibody (Transduction Laboratories, Lexington, KY, USA). Bottom, the same blot was stripped and reprobed using anti-GST antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) to con®rm equal amounts of GST and GST-bc protein . To con®rm that full-length RACK1 also associated with bc, we incubated a cell lysate from the mouse pre-B-cell line (BaF3) with GST or a fusion protein of GST and amino acids 450 ± 615 of human bc (GST_bC 450 ± 615), after which RACK1 binding was assessed by Western blotting with a monoclonal antibody against RACK1. We found that endogenous full length RACK1 associated speci®cally with GST_bc 450 ± 615 whereas GST control did not bind any RACK1 (Figure 1d , upper panel). The blot was stripped and reprobed with a monoclonal antibody against GST demonstrating equal amounts of GST protein were used in each case (Figure 1d , lower panel). Thus, it can be concluded that endogenous full length RACK1 associates speci®cally with bc. Previous studies have shown RACK1 to be expressed in a variety of cells including rat brain (Ron et al., 1994; Pascale et al., 1996) , rat kidney (Padanilam and Hammerman, 1997) and a number of cell lines (Cloud-He¯in et al., 1996) . However, thus far RACK1 expression in leukocytes has not been demonstrated. As the IL-5/IL-3GM-CSF receptor family is expressed almost exclusively in leukocytes, RACK1 expression in these cells is essential in order for the interaction with bc to be relevant. Western blotting of cell lysates shows a high expression of RACK1 in both the human promyelocytic cell line HL60, the mouse B-cell line B1 and BaF3 cells ( Figure  2a ). Furthermore, a clear expression of RACK1 was found in human lymphocytes and to a lesser extent in monocytes and eosinophils. This in contrast to human -10 M IL-5 for the time indicated. Immunoprecipitation was performed using rabbit polyclonal anti-bc antibody and PKCbII association was detected by Western blotting using anti-PKCb antibody (Transduction Laboratories, Lexington, KY, USA). (upper panels). The same blots were reprobed with anti-bc antibody to show the precipitation of equal amounts of bc (middle panels). Cell lysate was used to demonstrate equal expression of PKCb in each sample (lower panels) neutrophils where, interestingly, RACK1 was absent (Figure 2b) .
To delineate the RACK1 binding site on bc we coimmunoprecipitated HA_RACK1 with several Cterminal deletion constructs of bc from transiently transfected COS cells. Deletion of bc up to amino acid 519 did not aect HA_RACK1 binding (Figure 3a) . However, the bc456 deletion, containing only the very membrane proximal region, abolished HA_RACK1 binding. A recently published study shows RACK1 interacts with the integrin b 1 ± 2 subunit in a membrane proximal region (Liliental and Chang, 1998) . Binding of RACK1 to the integrin b 1 ± 2 subunit was independent of b 1 ± 2 integrin phosphorylation, but depended on stimulation of the cells with phorbol 12-myristate 13-acetate (TPA). To determine whether RACK1 association was regulated by cytokine stimulation, the IL-5 receptor a-chain (IL-5Ra) and bc were transiently transfected into COS cells, in combination with HA_RACK1 or empty vector. The cells were stimulated with either PBS, IL-5 or TPA for 10 min prior to lysis. No change in HA_RACK1 binding was observed upon stimulation with IL-5, while a modest reduction was observed for TPA ( Figure 3b ). Since RACK1 binds preferentially to activated PKC, and since addition of TPA potently activates PKCs, it is possible that the small reduction in RACK1 binding we see is due to partial sequestration of RACK1 from bc to activated PKCs located at other cellular locations. In a similar experiment using a bc construct lacking the box1 and box2 regions, which is no longer tyrosine phosphorylated, we found that HA_RACK1 still associated with this mutated receptor (data not shown) further indicating that the association of RACK1 with bc is independent of bc tyrosine phosphorylation. Thus, we conclude that RACK1 associates directly and constitutively with bc in a region close to the membrane. We did not ®nd any homology between the cytoplasmic domain of bc and the membrane proximal RACK1-binding domain of the integrin b 1 ± 2 subunit, suggesting that dierent regions of RACK1 may associate with bc and the integrin b 1 ± 2 subunit. RACK1 has previously been described to bind activated PKCb (Ron et al., 1994) . Several groups have shown that overexpression of PKC mimicks some aspects of IL-5/IL-3/GM-CSF signalling such as proliferation and dierentiation of haematopoietic precursor cells (Pierce et al., 1998; Gubina et al., 1998; Rossi et al., 1996) . Indeed, there are several reports indicating that PKC acts downstream of the IL-5/IL-3/GM-CSF receptor Baxter et al., 1992; Gubina et al., 1998; Rinaudo et al., 1995) . We therefore investigated whether PKCb also associated with bc. COS cells were transiently transfected with IL5Ra, bc and PKCbII and bc was immunoprecipitated. PKCbII did not co-immunoprecipitate with bc in the unstimulated cells. However, upon stimulation with TPA ( Figure 4a, upper panel) or IL-5 (Figure 4b , upper panel) an association of PKCbII with bc was found. This association appeared to be transient, being maximal at 10 min for cells stimulated with TPA. When stimulated with IL-5, the association was maximal after 10 min and remained maximal for longer, correlating with the time course of many other bc regulated signalling events. The expression levels of bc and PKCbII were equal in all samples (Figure 4a and b, middle and lower panels). Although PKCbII may very well be directly associating with bc, since it is known that activated PKCb binds to RACK1, it is tempting to speculate that this interaction is mediated by RACK1 present in the cells. Most recently, RACK1 association with cytoplasmic tyrosine kinases Src and Lck was reported . This association appeared to inhibit the tyrosine kinase activity of c-Src. Furthermore, the association of the Src-like kinase Lyn with bc has also been reported, but the mechanisms of this association are unknown. (Al-Shami et al., 1997); Burton et al., 1997; Li et al., 1995) . Although kinase activity depended on receptor stimulation, the bc-Lyn complex formation was not dependent on ligand binding (Li et al., 1995) . These ®ndings suggest a possible role for RACK1 as an adaptor for Src like kinases, associating these kinases inactively with the receptor until the receptor is stimulated. For example, stimulation of cells with IL-5/GM-CSF/IL-3 could result in the release, and thus activation of Src from RACK1 bound to the bc. The release of Src may then be followed by the translocation and binding of PKCisoforms to the receptor. Thus RACK1 may mediate speci®c membrane targeting of non-receptor kinases, bringing these kinases in close proximity with their substrates or activators.
